Growing evidence suggests that endogenous lactate is an important substrate for neurons. This study aimed to examine cerebral lactate metabolism and its relationship with brain perfusion in patients with severe traumatic brain injury (TBI). A prospective cohort of 24 patients with severe TBI monitored with cerebral microdialysis (CMD) and brain tissue oxygen tension (PbtO 2 ) was studied. Brain lactate metabolism was assessed by quantification of elevated CMD lactate samples (44 mmol/L); these were matched to CMD pyruvate and PbtO 2 values and dichotomized as glycolytic (CMD pyruvate 4119 mmol/L vs. low pyruvate) and hypoxic (PbtO 2 o20 mm Hg vs. nonhypoxic). Using perfusion computed tomography (CT), brain perfusion was categorized as oligemic, normal, or hyperemic, and was compared with CMD and PbtO 2 data. Samples with elevated CMD lactate were frequently observed (41 ± 8%), and we found that brain lactate elevations were predominantly associated with glycolysis and normal PbtO 2 (73 ± 8%) rather than brain hypoxia (14±6%). Furthermore, glycolytic lactate was always associated with normal or hyperemic brain perfusion, whereas all episodes with hypoxic lactate were associated with diffuse oligemia. Our findings suggest predominant nonischemic cerebral extracellular lactate release after TBI and support the concept that lactate may be used as an energy substrate by the injured human brain.
INTRODUCTION
Glucose is the obligate energy substrate for the brain. Abundant experimental evidence however suggests that lactate is also an important energetic substrate for the brain. More than a decade ago, Pellerin and Magistretti 1 showed that astrocytes, in response to glutamate-dependent activity, can uptake glucose and convert it into lactate, which in turn may efficiently be oxidized by neurons via the tricarboxylic acid cycle. This process, named astrocyteneuron lactate shuttle, challenged the dogma stating that lactate was just a waste by-product issued from anaerobic metabolism. Lactate production by astrocytes to supply neuronal demand was later confirmed in vitro. 2, 3 Moreover, endogenous lactate was shown to act as preferential substrate, 4 particularly in conditions of hypoxia. 5 Experimental evidence further suggests that exogenously administered lactate exerts significant neuroprotection after acute injury 6 and improves cognitive recovery in animal models of traumatic brain injury (TBI) 7 and cerebral ischemia. 8, 9 Recent evidence suggests that lactate may also have an important role in the regulation of memory processing 10 and axonal regeneration. 11 Traumatic brain injury is a major cause of physical and cognitive disability. The principal aim of TBI management is to prevent and treat secondary cerebral damage, which may add further burden to patient outcome. Although cerebral ischemia may be observed after TBI and cause an increase in extracellular cerebral lactate, recent data found aerobic utilization 12, 13 and uptake 14 of endogenous lactate by the injured human brain, pointing towards alternative mechanisms of lactate release other than hypoxia/ ischemia. These findings suggest a potential role of endogenous lactate in the regulation and early adaptation of brain metabolism after TBI and indicate that lactate metabolism might have a crucial role in the pathophysiology of acute brain injury.
The objective of this study was to examine cerebral lactate metabolism in the early phase of severe TBI in humans, using an approach that combined cerebral microdialysis (CMD) and brain tissue oxygen tension (PbtO 2 ) monitoring to measure regional brain metabolism with perfusion computed tomography (PCT) to assess global brain perfusion. Our study hypothesis was that elevation of lactate in brain interstitial tissue of patients with TBI is frequent and is predominantly nonhypoxic/ ischemic, i.e., it is associated with aerobic glycolysis and normal brain perfusion.
Lausanne University Hospital (CHUV), Lausanne, Switzerland, between October 2009 and December 2012. Inclusion criteria were patients with severe TBI (defined by a Glasgow Coma Scale r8) and abnormal CT scan (Marshall score of 2 or more) at admission, having an indication for advanced intracranial monitoring consisting of CMD, PbtO 2 , and intracranial pressure (ICP) probes as a part of standard patient care. Exclusion criteria for advanced intracranial monitoring were expected brain death within 48 hours and an age o18 or 460 years. The study complies with the ARRIVE (Animal Research: Reporting In Vivo Experiments) guidelines. Approval for the study was obtained by the Ethical Committee, University of Lausanne, Lausanne, Switzerland. Waiver of consent was obtained as monitoring was part of standard patient care. For the purpose of this study, only patients who had at least 24 hours of valid intracranial monitoring data were considered. Eight patients were excluded because of monitoring malfunctioning (mainly, failure in collecting patient CMD fluid) or o24 hours monitoring duration.
General Management
Severity of the lesions was assessed by an admission noncontrast CT and classified using the Marshall score. 15 All patients were treated according to a standard protocol for the management of severe TBI following an institutional algorithm and according to international guidelines. [16] [17] [18] Sedation/analgesia consisted of propofol and sufentanyl. All patients were mechanically ventilated to maintain partial pressure of oxygen in arterial blood at 90 to 100 mm Hg and PaCO 2 (partial pressure of carbon dioxide in arterial blood) at 35 to 40 mm Hg. Brain physiologic targets were set to maintain ICP o20 mm Hg, cerebral perfusion pressure (CPP ¼ mean arterial pressure (MAP, measured via an intra-arterial catheter) À ICP) 460 mm Hg, and to avoid PbtO 2 o20 mm Hg. Blood glucose was targeted at 6 to 8 mmol/L. All patients received antiepileptic prophylaxis with phenytoin or levetiracetam for 7 days. First-step measures to treat intracranial hypertension (ICP 420 mm Hg) included deep sedation/analgesia, moderate hyperventilation (PaCO 2 , 30 to 35 mm Hg), osmotherapy (with hypertonic saline or mannitol), and controlled normothermia (351C to 371C).
Measure of Cerebral Metabolism and Oxygenation
Regional cerebral metabolism was measured using a CMA 70 microdialysis catheter with a 20 kDa cutoff (M Dialysis AB s , Stockholm, Sweden). The microdialysis probe was perfused with artificial cerebrospinal fluid via a CMA 106 pump (M Dialysis AB s ) at a rate of 0.3 mL/min. Microdialysis samples were collected every 60 minutes and analyzed at the bedside; brain extracellular concentrations of glucose, lactate, pyruvate, and glutamate were measured using a kinetic enzymatic analyzer (ISCUS flex; M Dialysis AB s ). Brain tissue oxygen tension was measured using a Licox s catheter (Integra Neurosciences, Plainsboro, NJ, USA). The PbtO 2 probe was calibrated to patient's temperature and its correct functioning was confirmed after an oxygen challenge (fraction of inspired oxygen 100% for 5 minutes, accompanied by a PbtO 2 increase of at least 50%). Parenchymal ICP was measured using a Codman s probe (Codman ICP Monitoring System, Raynham, MA, USA).
All the three probes were inserted through a triple-lumen bolt (Integra Neurosciences, Plainsboro, NJ, USA) by the neurosurgeon in the operating room, and placed into subcortical white matter, usually into the right frontal lobe. In all patients, a follow-up noncontrast head CT was performed at E24 hours to confirm the correct placement of the intracranial monitoring.
Measurement of Brain Perfusion
Brain PCT was performed during the first control CT (at 24 to 48 hours after TBI), immediately following the unenhanced series, using a multidetector row CT Lightspeed (GE Medical Systems, Milwaukee, WI, USA). Scanning was initiated 5 seconds after injection of 50 mL of iohexol (300 mg/mL of iodine; GE Healthcare Europe, Glattbrugg, Switzerland), and perfused at a rate of 5 mL/s with the following parameters: 80 kV, 240 mA, 0.4 rotations/s, and total duration of 50 seconds. The series evaluated two adjacent 5-mmthick sections of brain parenchyma.
Postprocessing of PCT data was performed by an experienced neuroradiologist (JBZ), masked to CMD and PbtO 2 variables, using a dedicated software (Brilliance Workspace Portal s ; Philips Medical Systems, Cleveland, OH, USA), which uses the central volume principle using deconvolution to measure the mean transit time; cerebral blood volume is calculated from the time-enhancement curves, and cerebral blood flow (CBF) is derived from the equation: CBF ¼ cerebral blood volume/mean transit time. Two main regions of interest (ROIs, one for each hemisphere) of approximately 250 mm 2 were selected above the ventricular system and included anterior and middle cerebral artery territories ( Figure 1 ). Threedimensional reconstruction was processed with Carestream Vue PACS (Carestream Health, Rochester, NY, USA) using a series of the thin-slice enhanced brain CT. Because intracranial probes were located in the white matter, ROIs were drawn in areas of predominant white matter to allow concordant measurement of global supratentorial perfusion in the same type of tissue. ROI's characteristics were selected in line with our previous studies, 19 providing an accurate quantitative assessment of CBF.
Once the postprocessing completed, each PCT was categorized as oligemic, normal, or hyperemic according to CBF values, as follows: oligemia was defined by a CBF o32.5 mL/100 g/min, hyperemia by a CBF 469 mL/100 g/min, and normal perfusion by CBF values between 32.5 and 69 mL/100 g/min. This definition corresponded to values previously reported by our group. 20 
Data Collection and Processing
Data were collected for a maximum of 7 days from intracranial monitoring start. All brain physiologic variables (PbtO 2 , ICP, and CPP) were recorded every 60 seconds by a computerized medical chart system (Metavision s ; iMDsoft, Tel-Aviv, Israel). After data extraction, artifacts (e.g., periods of disconnection from monitoring devices or flushing of arterial line) and values outside obvious range were manually eliminated. Data from the first hour after intracranial monitoring insertion were discarded, as they correspond to probes' equilibration time. Hourly CMD samples were matched to physiologic variables using STATA software (STATA s Corporation, College Station, TX, USA) as follows: as CMD samples represent metabolites accumulated during the previous hour, lactate samples were matched to hypoxic episodes, defined by a PbtO 2 o20 mm Hg for at least 5 minutes at any time during the hour previous to CMD sampling. The same process was used to determine and match episodes of ICP (420 mm Hg) and low CPP (o60 mm Hg). Lactate elevations were defined by a CMD lactate 44 mmol/L: this threshold was used in accordance with our previous study 13 and in line with a recent large prospective study in TBI patients. 21 Lactate elevations were then categorized-according to the levels of PbtO 2 and CMD pyruvate-as hypoxic (PbtO 2 o20 mm Hg) vs. nonhypoxic and as glycolytic (CMD pyruvate 4119 mmol/L) vs. low pyruvate. Although variable thresholds of PbtO 2 (o10, o15, and o20 mm Hg) have been described, 16 the threshold for brain hypoxia selected in this study was o20 mm Hg (i.e., moderate brain hypoxia 22 ), consistent with our previous study. 13 Hypoxia/ischemia causes a failure to regenerate the tricarboxylic acid cycle and nicotinamide adenine dinucleotide, with subsequent reduction of pyruvate concentrations as a consequence of anaerobic metabolism. Conversely, the normal level of brain extracellular pyruvate is a marker of aerobic glycolysis. Based on previous reports in subjects undergoing brain surgery 23 and studies performed in poor-grade subarachnoid hemorrhage patients, 24 we defined the threshold of normal pyruvate as 4119 mmol/L, and categorized elevated CMD lactate as glycolytic when CMD pyruvate was 4119 mmol/L, which was also consistent with our previous study. 13 Conservative margins were applied to the thresholds such that samples were only counted as having elevated lactate if the concentration was Z4.1 mmol/L, and that glycolytic pyruvate samples were only counted if the concentration was Z119.5 mmol/L.
To examine the relationship of cerebral lactate metabolism with brain perfusion, CMD and PbtO 2 variables were matched to PCT results as follows: we matched CMD/PbtO 2 data at the time of PCT, plus data from the 3 hours previous and after PCT time (total of seven epochs). We considered this time window around the PCT to be representative of patient brain state.
Statistical Analysis
Data analysis was performed using JMP-10 s (SAS Institute). Demographic data were presented in means and standard deviation (s.d.), except when stated otherwise. Patient percentages of both cerebral metabolic lactate patterns (hypoxic and glycolytic), along with episodes of hypoxia, ICP, and low CPP, were calculated both for (a) the total duration of monitoring and (b) daily, over the first 5 days after TBI. Individual brain physiologic data were presented as means per patient percentages with s.d. or standard error of the mean (s.e.m.). Comparison between the values of CBF for each PCT was assessed by a one-way analysis of variance. Associations between brain/systemic physiologic variables and cerebral perfusion were performed using Wilcoxon's test with Bonferroni corrections for continuous variables and Fisher's exact test for categorical variables. Statistical significance was set at Po0.05.
RESULTS

Patient Characteristics
A total of 24 patients were studied. Mean age was 36±15 years, the median admission Glasgow Coma Scale was 5 (range 3 to 8), and the median Marshall score was 3 (range 2 to 5). Patient characteristics are summarized in Table 1 . Means of cerebral and systemic physiologic variables around PCT time were within normal ranges in all patients. Furthermore, we observed no significant differences in those variables between the three different PCT conditions (oligemia, normal, and hyperemia), except for PaCO 2 , which was significantly higher in the hyperemic perfusion group vs. normal perfusion group. However, values of PaCO 2 in the hyperemic group remained within normal ranges (35 to 40 mm Hg) ( Table 2 ).
In all patients, intracranial monitoring was started within 6 hours from hospital admission and on average 15±12 hours from brain trauma. Duration of intracranial monitoring lasted 5±3 days. Cerebral microdialysis and PbtO 2 probes were placed in the right frontal lobe in the majority (19/24) of patients, and in the left frontal lobe in 5 patients. After review of the CT scans, intracranial probes were predominantly placed in areas of normal brain parenchyma (21 patients), whereas in three patients they were located in brain areas around a contusion.
Cerebral Lactate Metabolism A total of 1,447 CMD/PbtO 2 matched samples were analyzed. Patterns of elevated brain extracellular lactate were examined individually. Brain lactate was frequently elevated (44 mmol/L). Over the entire duration of monitoring, 41±8% of total individual CMD lactate samples were 44 mmol/L and the large majority of patients (21/24; 88%) had episodes with elevated CMD lactate. In contrast, episodes with brain hypoxia (defined by at least 5 minutes of PbtO 2 o20 mm Hg) were less frequently observed and only accounted for 19 ± 7% of total individual samples.
When further examining cerebral lactate metabolism, we found that the majority (73 ± 8%) of individual lactate elevations were attributable to activated cerebral glycolysis, whereas only a minority of them (14±6%) were associated with brain hypoxia (Figure 2 , total duration of monitoring). Compared with hypoxic lactate, episodes with glycolytic lactate had higher levels of lactate, pyruvate, and PbtO 2 ( Table 3) . Episodes with hypoxic lactate pattern had higher lactate-to-pyruvate ratio (LPR) and glutamate, but this difference was not statistically significant. Of note, mean values of lactate, pyruvate, and LPR were comparable between normal (n ¼ 21) vs. pericontusional (n ¼ 3) brain tissue (CMD lactate 3.4±1.5 vs. 3.2±0.8 mmol/L, CMD pyruvate 124±48 vs. 128.3 ± 46.6 mmol/L, LPR 28 ± 8 vs. 28 ± 10; all P40.2). Brain tissue oxygen tension was higher in pericontusional vs. normal tissue (32.4±6.3 vs. 30±7.7 mm Hg, Po0.01).
Among episodes with elevated CMD lactate and pyruvate 4119 mmol/L, 75% of them had normal pyruvate (120 to 213 mmol/L) and 25% of them had high pyruvate (4213 mmol/L): 23, 24 compared with episodes with elevated lactate and normal pyruvate, those with elevated lactate and high pyruvate displayed Trends over the first 5 days of both brain lactate patterns (glycolytic vs. hypoxic) are illustrated in Figure 3 : a pattern of increased cerebral glycolytic lactate was consistently found from day 1 up to day 5, whereas the hypoxic lactate pattern was less frequent and predominantly observed on day 1. Absolute concentrations of each intracerebral variable for glycolytic vs. hypoxic lactate episodes across patients over the first 5 days are also shown in Table 4 .
Glycolytic Lactate was Associated with Normal to Supranormal Brain Perfusion Perfusion CT was available for 16 patients and was performed on average 53 ± 30 hours after TBI. A total of 83 MD samples and PbtO 2 episodes were matched to PCT data. Samples with glycolytic lactate elevations (n ¼ 13) were always associated with normal (n ¼ 8, 62%) to supranormal (n ¼ 5, 38%) brain perfusion ( Table 5 ). Figure 4 shows illustrative examples of increased cerebral glycolytic lactate with normal (A) and with supranormal (B) brain perfusion. Glycolytic Lactate was Associated with Normal Intracranial Pressure and Cerebral Perfusion Pressure Over the entire duration of monitoring, episodes with elevated ICP (420 mm Hg) and with low CPP (o60 mm Hg) represented, respectively, only 10 ± 4% and 9 ± 2% of all examined episodes. Importantly, episodes of cerebral glycolytic lactate increase were mainly associated with normal levels of ICP and CPP (93 ± 4% and 88 ± 6% of individual samples, respectively).
Hypoxic Lactate was Associated with Global Reduction of Brain Perfusion
We also found that hypoxic lactate elevations (n ¼ 11) were always associated with oligemic brain perfusion ( Table 5 ). One illustrative example of a pattern with brain hypoxia and oligemic PCT is shown in Figure 4C . Oligemic brain perfusion was also associated with reduced cerebral extracellular pyruvate (90% of samples had CMD pyruvate o119 mmol/L). This indicates that hypoxic lactate production was associated with concomitant cerebral energy depletion, thereby suggesting a pattern of anaerobic lactate production.
DISCUSSION
In this study, we used combined monitoring of regional cerebral metabolism (using CMD) and oxygenation (using PbtO 2 ) with brain PCT to examine brain lactate metabolism and the patterns of increased cerebral lactate in subjects with severe TBI. Our findings can be summarized as follows: (1) cerebral extracellular lactate was frequently increased in the acute phase after TBI; (2) increased cerebral lactate was predominantly associated with activated glycolysis rather than hypoxia; and (3) cerebral glycolytic lactate was associated with normal or supranormal brain perfusion. These data collected from humans with acute brain injuries support experimental evidence that lactate may be released aerobically and could be used as an energy substrate by the injured human brain.
Endogenous Aerobic Lactate in Humans with Severe Traumatic Brain Injury More than 20 years ago, Schurr and co-workers 25 were the first to show that lactate might support synaptic function and was not solely the end-product of anaerobic metabolism. Growing evidence has since then accumulated to confirm that lactate has an important role in neuronal function and may act as an important energy substrate, both in normal conditions and in situations of increased neuronal activation/distress. More recently, several in vitro and in vivo experimental studies showed a neuroprotective effect of lactate against neuronal injury. 26 In this study, we found that cerebral extracellular lactate was frequently above normal ranges (CMD 44 mmol/L), whereas brain hypoxia (PbtO 2 ) was not a common finding. When further examining the pattern of brain lactate elevation, we found that increased cerebral lactate was mainly associated with normal pyruvate and normal brain oxygen levels, thereby suggesting that the predominant mechanism underlying lactate increase was activated glycolysis rather than ischemia/hypoxia. This was observed throughout the acute phase of TBI. First, these data from humans with acute brain injury appear to confirm experimental evidence, suggesting aerobic lactate utilization by the brain in response to a sustained increase of energy demand. Second, they are in line with recent data collected from patients with TBI 12 and subarachnoid hemorrhage, 13 suggesting lactate utilization by the injured brain. Table 5 . Relationship between regional cerebral metabolic patterns and global brain perfusion Lactate increase in the presence of normal to supranormal levels of extracellular pyruvate and normal brain tissue oxygenation suggests that elevation of lactate in brain interstitial tissue does not principally take place in the setting of an anaerobic metabolism, where pyruvate and oxygen levels are decreased. Moreover, nonischemic lactate elevation occurred almost exclusively in the absence of low CPP and elevated ICP. Our findings support the concept that endogenously released lactate may potentially be used as energy substrate by brain cells in conditions of increased energy demand, such as those encountered in the early phase after TBI.
Episodes of Cerebral Glycolytic Lactate Correlate with Normal to Supranormal Cerebral Blood Flow
To further corroborate our findings, we used PCT to examine the relationship between the patterns of increased cerebral lactate and global brain perfusion. Perfusion CT has been previously validated by our group in the setting of severe TBI in humans, 20, 27 and has been shown to equal xenon CT for the assessment of cerebral perfusion. 28 The great advantage of PCT, compared with xenon CT or positron emission tomography scan, is that it can easily be performed during the early phase of acute brain injury and without increasing intensive care unit resources. To the best of our knowledge, this is the first clinical study in humans with acute brain injury to use combined CMD/PbtO 2 monitoring and PCT to examine cerebral energy metabolism, and which paid specific attention to brain lactate metabolism.
Using this approach, we found that a pattern of increased cerebral glycolytic lactate was always associated with normal to supranormal brain perfusion. This is an important observation that supports the findings described above, and that indeed seems to confirm that increased lactate can be observed in the brain in the absence of ischemia/hypoxia. Our findings are in line with previous observations 29 and altogether suggest that increased lactate in the brain of humans with severe TBI seems predominantly nonischemic. Emerging evidence suggests that nonischemic mechanisms are involved in the pathophysiology of secondary cerebral damage after TBI. 14, 30, 31 The findings of nonischemic glycolytic cerebral lactate increase appear to support this notion. Indeed, when looking more in detail into glycolytic lactate pattern as a function of pyruvate levels (see p 11), we found that 25% of them had CMD pyruvate 4213 mmol/L ('hyperglycolytic'): compared with samples with elevated lactate and normal pyruvate (CMD pyruvate 120 to 213 mmol/L), the hyperglycolytic samples had significantly higher levels of lactate, pyruvate, and glutamate. This suggests that glutamateinduced activated glycolysis might take a part in these processes. However, more exact mechanisms of how this occurs still remain to be determined: among these, mitochondrial dysfunction could potentially be involved in glycolytic lactate increase. 32 
Episodes of Cerebral Hypoxic Lactate Correlate with Reduced Cerebral Blood Flow
We also found that a cerebral hypoxic pattern was always associated with an oligemic perfusion on PCT. We believe this is an important finding both from a methodological and a clinical standpoint, as it confirms the validity of PCT and PbtO 2 as markers of inadequate brain perfusion in humans with TBI. 33 Moreover, as regional microdialysis and PbtO 2 reflected overall brain perfusion, neuromonitoring may be considered not only as a regional but also as a global surrogate of brain metabolism and oxygenation. Additional studies are underway at our institution to further explore this issue.
Implications for Traumatic Brain Injury Pathophysiology and Management
A better understanding of brain lactate metabolism after severe TBI could influence patient management in the future. As lactate production with concomitant glycolysis suggests the potential use of lactate as a fuel, it is reasonable to consider targeting neuroenergetics as a novel therapeutic approach to support the injured human brain, thereby preventing energy dysfunction or failure. Studies have shown the potential benefit of modulating cerebral lactate metabolism in humans. Smith et al 34 first showed that exogenous lactate, administered intravenously as a sodium lactate infusion, can be metabolized by the normal brain with a concomitant decrease in glucose consumption rate, thereby suggesting the use of lactate with sparing of glucose. Additional investigation showed lactate use by the brain during intense exercise 35 and found that in such conditions the contribution of plasma lactate to cerebral energy metabolism may be up to 60%. 36 In TBI patients, the administration of sodium lactate was shown to be more effective than mannitol to control ICP. 37 Our observations, along with these studies, encourage future investigation to examine the potential neuroprotective effect of exogenous lactate administration in patients with TBI and in other forms of acute brain injury.
Methodological Limitations
Our study has several limitations. First, it was single-centered and included a relatively small cohort. Only a subset of patients had available data on PCT with concomitant CMD and PbtO 2 measurement. However, we used a standardized protocol for TBI management and analyzed a homogenous population with predominantly diffuse injury. Furthermore, the neuroradiologist who analyzed the PCT was masked to neuromonitoring data, adding validity to our results. Second, although most catheters were placed in visually normal brain areas, some were in pericontusional tissue, which may affect data, as observed in studies comparing the two types of placement. 22 Nevertheless, we did not find a substantial difference in cerebral lactate metabolism between these two groups. Third, CMD only allows the assessment of regional brain lactate metabolism, unlike PET or magnetic resonance spectroscopy. However, the advantage of CMD and PbtO 2 is that they allow continuous monitoring of the dynamic changes in brain neurochemistry and cerebral tissue oxygenation at the bedside. Measurement of PbtO 2 is also local and does not provide information about overall oxygen consumption. However, PbtO 2 measurement is considered as a good indicator of overall cerebral tissue oxygenation and our data support this notion, as low PbtO 2 was associated with low global cerebral perfusion. Fourth, CMD and PbtO 2 data might be altered by sedation/analgesia, 23 which was not accounted for in the analysis. However, all the thresholds were derived from studies conducted on sedated brain-injured patients and appear consistent with these reports. 13, 21, 24 Finally, the thresholds of brain physiologic abnormalities were somehow arbitrary and certainly deserve further discussion. In a large cohort of patients with severe TBI, Timofeev et al 21 recently set a threshold of CMD lactate 44 mmol/L to define elevated lactate, which we also used here and in our previous study on brain lactate metabolism to categorize normal vs. abnormal cerebral lactate. Regarding brain hypoxia, as described in Materials and methods, several thresholds have been described (ranging from 10 to 20 mm Hg 16 ): the threshold of 20 mm Hg (moderate brain hypoxia) was selected here mainly to be consistent with our previous study. 13 The threshold of normal pyruvate (CMD 4119 mmol/L) was defined based on our previous study and in line with Samuelsson et al: 24 apart from the methodological limitation of selecting such a threshold, it also must be stressed that pyruvate is at the crossroads of multiple biochemical pathways, being both synthesized and consumed, and therefore interpretation of its concentration may be complex, particularly as microdialysis only measures the extracellular pool. 30 For all these reasons, we wish to underline that the combination of CMD lactate 44 mmol/L with CMD pyruvate 4119 mmol/L should be regarded as indicating glycolysis in this study.
CONCLUSIONS
In patients with severe TBI, our study indicates that increased cerebral lactate appears to be predominantly associated with activated glycolysis rather than hypoxia. We further showed that glycolytic lactate increase was always associated with normal to supranormal cerebral perfusion. These data provide new insights into the role and regulation of cerebral lactate metabolism in humans with TBI and support experimental evidence that lactate is produced aerobically and may be used as an energy substrate by the injured human brain. Our findings support the notion that in certain circumstances, increased lactate may be viewed as an adaptive response to increased energy needs rather than as a marker of tissue hypoxia/ischemia.
